US007429517B2
a2 United States Patent (10) Patent No.: US 7.429,517 B2
Wu et al. 45) Date of Patent: Sep. 30, 2008
(54) CMOS TRANSISTOR USING HIGH STRESS 2003/0181005 Al1* 9/2003 Hachimine et al. .......... 438/231
LINER LAYER 2004/0104405 Al* 6/2004 Huangetal. ................ 257/199
2005/0048753 Al* 3/2005 Schwan .........ccevenenene. 438/595
(75) Inventors: Zhigiang Wu, Plano, TX (US); Haowen e
Bu, Plano, TX (US)
73) Assi . | Inst ts I ted
(73) Assignee DZT;SS %( r(lbnét)an s Incorporated, OTHER PURI ICATIONS
(*) Notice: Subject to any disclaimer, the term of this Wolf et al. “Silicon Processing for the VLSI ERA”, 1986, vol. 1, pp.
. : L os
patent 1s extended or adjusted under 35 191-194.
U.S.C. 1534(b) by 256 days. * cited by examiner
(21)  Appl. No.: 10/845,456 Primary Examiner—Thanh Nguyen
o (74) Attorney, Agent, or Firm—Wade J. Brady, 11I; Frederick
(22) Filed: May 13, 2004 I. Telecky, Ir.
65 Prior Publication Dat
(65) rior Publication Data (57) ARSTRACT
US 2005/0255659 Al Nov. 17, 2005
(51) }}ltt)]glz 1336 2006.01 A MOS transistor structure comprising a gate dielectric layer
) US. Cl ( 43.8/2)99' 4387301 438/303. (30), a gate electrode (40), and source and drain regions (70)
(52) US. €L v ’ " 138 /791" are formed in a semiconductor substrate (10). First second
(58) Field of Classification Search ............... 438/299,  andthird dielectric layers (110), (120), and (130) are formed
438/301. 303 791” over the MOS ftransistor structure. The second and third
See application file for complete search history. dielectric structures (120), (130) are removed leaving a MOS
_ transistor with a stressed channel region resulting in
(56) References Cited improved channel mobility characteristics.

U.S. PATENT DOCUMENTS

6,287,951 B1* 9/2001 Lucasetal. ................. 438/618

23 Claims, 2 Drawing Sheets

120 130 120 130 120
S b ‘:1k I
110>
80 0 80
/.
110 = *’ 110
30 ) 40
20 ' 6050 ™ 100 50 60 ‘ 20

10



U.S. Patent Sep. 30, 2008 Sheet 1 of 2

90

60
1

7
N 7

US 7,429,517 B2

36 K 40
2() \ o0 100 o0
/0
10

FIG. 1a

/ .
SR

| . 130
ZT 7 72 77X
B R

70

100
70

FIG. 1b

»-‘,;'rm.‘% : Ab'“
20 0 50 30 A\ 40 50 60 -
10

\ 20




U.S. Patent Sep. 30, 2008 Sheet 2 of 2 US 7,429,517 B2

I‘ _—= o,
”’I’l«/// \ 7 7 > 110

AN NI 4 Ay Ay Ay A -.‘ | 7 m“\

\ \
20 \\ 6059 2 13g b 6 \ 20

FIG. Ic

120 130 130 120

D \

VII AN es

12100 & \\ 12100




US 7,429,517 B2

1

CMOS TRANSISTOR USING HIGH STRESS
LINER LAYER

FIELD OF THE INVENTION

This invention relates generally to the field of integrated
circuit manufacturing and more particularly to a method for
forming high performance MOS transistors.

BACKGROUND OF THE INVENTION

The performance of an integrated circuit metal oxide semi-
conductor (MOS) transistor depends on a number of device
parameters such as gate dielectric thickness, transistor gate
length, and the mobility of the electrons and/or holes 1n the
MOS transistor channel region. The mobility of the electrons
and/or holes (herein after referred to as carriers) 1s a measure-
ment of how quickly the carriers traverse the transistor chan-
nel region. In general, the mobility of the carriers in the
transistor channel region 1s related to the velocity of the
carriers and the channel electric field by uy=v___._J/E_, .
where U 1s the carrier mobility, V. 1s velocity of the
carriers 1n the channel, and E _, . 1s the electric field in the
MOS transistor channel. In general, the carrier mobility 1s
alfected by a number of factors including the scattering of the
carriers as they traverse the transistor channel region from the
transistor source region to the transistor drain region.

An mmportant measure of MOS transistor performance 1s
the magnitude of the transistor drain current (I,.) obtained
for a given gate-source voltage (Vo) and a given drain-
source voltage (V <). In addition to being dependent on V ¢
and V ., 15¢ 15 proportional to the carrier mobaility p. It 1s
therefore important that the carrier mobility u be maximized
for improving transistor performance. Recently, 1t has been
found that the application of stress 1n the transistor channel
region 1s an important factor 1n increasing the value of the
carrier mobility u. A number of methods have been utilized to
apply stress to the transistor channel region including the
formation of a high stress film over the transistor structure. It
has been found that the applied stress 1s a function of the
thickness of the film, with the applied stress increasing with
f1lm thickness. The high density of integrated circuits limits
the thickness of the films that can be used. There 1s therefore
a need for a method to increase the stress produced in the
transistor channel by high stress films without increasing the
f1lm thickness. The instant invention addresses this need.

SUMMARY OF THE INVENTION

A method for forming improved MOS ftransistors i1s
described. The method comprises forming a gate dielectric
layer on a surface of a semiconductor surface. A gate elec-
trode 1s formed on the gate dielectric layer, and source and
drain regions are formed 1n the semiconductor adjacent to the
gate electrode structure. A plurality of dielectric layers are
formed over the gate electrode and said source and drain
regions and a subset of the plurality of dielectric layers are
removed, leaving at least one of the plurality of dielectric
layers remainming over the gate electrode and source and drain
regions. An optional thermal anneal can be performed follow-
ing the removal of the subset of the dielectric layers. A second
dielectric layer 1s formed over the at least one of the plurality
of dielectric layers remaining over the gate electrode and
source and drain regions, and contact structures are formed to
the source and drain regions through the second dielectric
layer.
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2
BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present inven-
tion and the advantages thereol, reference 1s now made to the
following description taken 1n conjunction with the accom-

panying drawings, wherein like reference numerals represent
like features, 1n which:

FIG. 1(a)-FIG. 1(d) are cross-sectional diagrams showing
an embodiment of the mstant invention.

DETAILED DESCRIPTION OF THE INVENTION

Shown 1n FIGS. 1(a) to FIG. 1(d) are cross-sectional dia-
grams ol a first embodiment of the instant invention. Illus-
trated 1n FI1G. 1(a) 1s a MOS transistor formed using known
integrated circuit manufacturing methods. Isolation regions
20 are formed 1n a semiconductor substrate 10. The 1solation
regions 20 are formed using suitable dielectric materials such
as silicon oxide. The 1solation regions 20 can comprise shal-
low trench 1solation (STT) structures, local oxidation struc-
tures (LOCOS), or a combination of these and/or other suit-
able structures. A transistor gate stack comprising a gate
dielectric layer 30 and a gate electrode 40 1s formed on the
surface of the semiconductor 10. The gate electrode 40 usu-
ally comprises a conductive material such as doped polycrys-
talline silicon, various metals and/or metal silicides. The gate
dielectric layer 30 can comprise any suitable dielectric mate-
rial such as silicon oxide, silicon nitride, silicon oxynitride,
high k dielectric materials such as hainium, and other suitable
material. In this disclosure high k means dielectric material
with a dielectric constant greater than 3.9. Typical thicknesses
for the transistor gate stack are between 800 A and 5000 A.
Following the formation of the transistor gate stack a number
of self-aligned implants are performed. These self-aligned
implants include drain/source extension implants and pocket
implants. The self-aligned implants that are aligned to the
transistor gate stack will result in the formation of the doped
drain extension regions 50 1n the semiconductor substrate 10.
Sidewall structures 60 are formed adjacent to the gate elec-
trode 40 using standard processing technology. The sidewall
structures 60 typically comprise dielectric material such as
s1licon oxide, silicon nitride, or any other suitable dielectric
matenal. Following the formation of the sidewall structures
60, the transistor source and drain regions 70 are formed by
implanting suitable dopants into the semiconductor substrate
10. Following the formation of the source and drain regions
70, metal silicide layers 80 and 90 are formed on the source
and drain regions 70 and the gate electrode 40 respectively. In
an embodiment, the metal silicide regions 80, 90 comprise
nickel silicide, cobalt silicide, or any other suitable metal
silicide material. In the case where the gate electrode 40
comprises a metal or a metal silicide, no silicide layer 90 will
be formed on the gate electrode. As shown 1n FIG. 1(a), the
channel region 100 of the MOS transistor structure 1s defined
in this disclosure as that region of the substrate 10 beneath the
gate electrode 40 to which the inversion layer 1s confined. The
inversion layer 1s formed 1n a NMOS transistor when a volt-
age 1s applied to the gate electrode that exceeds a voltage
applied to the transistor source region 70 by an amount equal
to or greater than the transistor threshold voltage. For a
NMOS transistor the inversion layer comprises electrons. Ina
similar manner, the mversion layer 1s formed 1 a PMOS
transistor when a voltage 1s applied to the transistor source
region 70 that exceeds a voltage applied to the gate electrode
40 by an amount equal to or greater than the transistor thresh-
old voltage. For a PMOS transistor the mversion layer com-
prises holes.
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Following the formation of the MOS transistor structure
shown 1n FIG. 1(a), dielectric stack 140 1s formed over the
transistor structure as shown i FIG. 1(b). In general, the
dielectric stack 140 comprises a plurality of layers formed
using different dielectric matenals. For example the dielectric
stack 140 can comprise two layers where first layer comprises
a different dielectric material than that used to form the sec-
ond dielectric layer. If more than two different dielectric
layers are used to form the dielectric stack, two or more of the
layers used to comprise the stack 140 can be formed using the
same dielectric material. Any suitable dielectric material such
as silicon nitride, silicon oxide, silicon oxynitride, silicon
carbide, silicon oxycarbide (S10C), etc. can be used to form
one or more of the layers that comprise the dielectric stack
140. In an embodiment of the instant invention, the stack 140
comprises a first silicon nitride layer 110, a silicon oxide layer
120, and a second silicon nitride layer 130. Layer 110 and 130
are high stress layers and are used to strain the underlying
transistors. The layer 120 1s used as an etch stop. The layers
110, 120, and 130 can be formed using any suitable method.
In an embodiment, the first silicon mitride layer 110 1s formed
using a plasma enhanced chemical vapor deposition
(PECVD) process at temperatures between 300° C. to 500° C.
using silane (S1H,) and ammonia (NH,) at flow rates of 50
sccm to 150 scem and 1000 scem to 3000 scem respectively.
The pressure during the first silicon nitride deposition process
can be set at 3.5 torr or higher. The high frequency RF power
1s set at about 50 Watts at 13.56 MHz and low frequency
power set at about 10-20 Watts at 350 KHz. The thickness of
the dielectric layer 1s related to the density of the transistors
on the integrated circuit and in particular to the distance
between two closest neighboring transistors. In an embodi-
ment, the thickness x of the first silicon nitride layer 110 1s
between 100 A and 500 A and more preferably between 200
A and 400 A. The silicon oxide layer 120 1s formed using a
plasma enhanced chemical vapor deposition (PECVD) pro-
cess at temperatures between 300° C. to 500° C. using silane
(S1H,,) and nitrous oxide (N,O) at flow rates of 50 sccmto 1350
sccm and 1000 sccm to 3000 scem respectively. The pressure
during the silicon oxide layer 120 deposition can be set
between 1 torr to 5 torr. The thickness y of the silicon oxide
layer 120 1s between 20 A and 500 A. The second silicon
nitride layer 130 1s formed using a plasma enhanced chemical
vapor deposition (PECVD) process at temperatures between
300° C. to 500° C. using silane (SiH, ) and ammonia (NH,) at
flow rates of 50 sccm to 150 sccm and 1000 scem to 3000
sccm respectively. The pressure during the first silicon mitride
deposition process can be set at 3.5 torr or higher. The high
frequency RF power1s set at about 50 Watts at 13.56 MHz and
low frequency power set at about 10-20 Watts at 350 KHz.
The thickness z of the second silicon nitride layer 130 1s
between 200 A and 100 A.

Using the above stated process conditions, the dielectric
stack layer 140 exerts a tensile stress in the channel region
100. As described above, a tensile stress in the channel region
100 will serve to enhance the mobility of the electrons com-
prising the mnversion layer in an NMOS transistor. Similarly,
layer 110 and 130 1n the dielectric stack 140 can be deposited
under different process conditions, for example, the high
frequency RF power 1s decreased to 30 Watts or lower, the low
frequency RF power 1s increased to 25 Watts or higher, and
the pressure 1s decreased to 3 torr or lower. Under these
process conditions, the dielectric layer 140 can exert a com-
pressive stress in the channel region. The mobaility of holes
that comprise the inversion layer in a PMOS transistor can be
enhanced by compressive exerted in the channel region 100.
Following the formation of the dielectric stack, an optional
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thermal anneal can be performed to further increase the stress
exerted on the structure. In the case where the underlying
silicide regions 80 are formed using nickel silicide, the
optional anneal 1s performed at temperatures between 300° C.
and 500° C. For the case where the underlying silicide regions
90 are formed using cobalt silicide, the option anneal 1s per-
formed at temperatures between 300° C. and 800° C.

Following the formation of the dielectric stack 140, and
any optional thermal anneals, the second dielectric layer 130
and the silicon oxide layer 120 are removed as shown in FIG.
1(c). Although any suitable method can be used to remove the
layers 130 and 120, in an embodiment, phosphoric acid 1s
used to remove the second nitride layer 130, and diluted
hydrofluoric acid 1s used to remove the silicon oxide layer
120. The remaining silicon nitride layer 110 will exert a stress
in the channel region 100 that 1s greater than the stress that
would be exerted by a stmilar layer silicon nitride that did not
receive the above described processing steps. In this way, the
stress exerted 1n the channel region 100 1s increased without
increasing the thickness of the remaining tensile stress layer.
The method of the instant invention therefore offers signifi-
cant advantages over existing methods for forming tensile
stress layers.

As shown 1n FIG. 1(d), metal contacts 130 can be formed to
the source and drain regions 70 of the MOS transistor struc-
ture shown 1n FIG. 1(c¢). Following the removal of the layers
130 and 120, a dielectric layer 120 can be formed over the
structure as shown 1n FIG. 1(d). Standard photolithograpy can
be used to etch contact holes to the silicide regions 80 over-
lying the source and drain regions 70. Metal 70 1s then used to
{111 the contact holes to form contact structures 130 to the
MOS transistor source and drain regions 70.

The embodiment of the mstant invention i1llustrated in FIG.

1(a) through FIG. 1(d) applies equally well to both NMOS
and PMOS ftransistors. Whether a transistor 1s NMOS or
PMOS will depend on the conductivity type of the substrate
10, doped extension regions 30, and the source and drain
regions 70.

While this invention has been described with reference to
illustrative embodiments, this description 1s not intended to
be construed 1 a limiting sense. Various modifications and
combinations of the illustrative embodiments, as well as other
embodiments of the invention will be apparent to persons
skilled 1n the art upon reference to the description. It 1s there-
fore intended that the appended claims encompass any such
modifications or embodiments.

We claim:

1. A method for forming MOS transistors, comprising:

providing a semiconductor substrate;

forming a first dielectric layer on a surface of the semicon-
ductor substrate;

forming a gate electrode on said dielectric layer;

forming source and drain regions in said semiconductor
substrate adjacent said gate electrode;

forming a plurality of dielectric layers over said semicon-
ductor substrate, said gate electrode and said source and
drain regions, the plurality of layers comprising a second
dielectric layer and a third dielectric layer, wherein each
of the second and third layers exert a compressive stress
on the semiconductor substrate, or each of the second
and third layers exert a tensile stress on the semiconduc-
tor substrate;

removing the entire third layer formed over the semicon-
ductor substrate, while leaving at least the second layer
remaining over said gate electrode and said source and
drain regions;
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forming a fourth dielectric layer over said at least second
layer remaining over said gate electrode and said source
and drain regions; and

forming contact structures to said source and drain regions

through said fourth dielectric layer.

2. The method of claim 1 further comprising annealing said
plurality of dielectric layers prior to completely removing the
subset of said plurality of dielectric layers.

3. The method of claim 1 turther comprising annealing said
at least second layer remaining over said gate electrode and
said source and drain regions prior to forming said fourth
dielectric layer.

4. The method of claim 1 wherein said second dielectric
layer 1s a silicon nitride layer, and further wherein forming a
plurality of dielectric layers over said gate electrode and said
source and drain regions comprises forming a silicon oxide
layer between the second and third layers.

5. The method of claim 4 wherein the third dielectric layer
1s a silicon mitride layer.

6. The method of claim 1 wherein the second and third
dielectric layers are both formed under conditions that result
in a compressive stress on the semiconductor substrate.

7. The method of claam 1 wherein the second and third
dielectric layers are both formed under conditions that result
in a tensile stress on the semiconductor substrate.

8. A method for forming enhanced MOS transistors, com-
prising:

providing a semiconductor substrate;

forming a first dielectric layer on a surface of the semicon-

ductor;

forming a gate electrode on said dielectric layer;

forming source and drain regions in said semiconductor
substrate adjacent said gate electrode;

forming a second dielectric layer over said gate electrode
and said source and drain regions;

forming a third dielectric layer over said second dielectric
layer;

forming a fourth dielectric layer over said third dielectric
layer;

removing said third dielectric layer and said fourth dielec-
tric layer;

forming a fifth dielectric layer over said second dielectric
layer; and

forming contact structures to said source and drain regions
through said second dielectric layer,

wherein the second and fourth dielectric layers are either
both formed under conditions that result in a compres-
sive stress on the semiconductor substrate, or both
formed under conditions that result in a tensile stress on
the semiconductor substrate:

and further comprising annealing said second dielectric
layer after forming said fourth dielectric layer and prior
to removing said fourth dielectric layer from over said
second dielectric layer.

9. The method of claim 8 further comprising annealing said
second dielectric layer prior to forming said fifth dielectric
layer.

10. The method of claim 8 further comprising annealing
said second dielectric layer prior to removing said third
dielectric layer and said fourth dielectric layer.

11. The method of claim 8 wherein said second dielectric
layer comprises silicon nitride.

12. The method of claim 11 wherein said third dielectric
layer comprises silicon oxide.
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13. The method of claim 12 wherein said fourth dielectric
layer comprises silicon nitride.

14. The method of claim 8, wherein the second and fourth
dielectric layers are both formed under conditions that result
in a compressive stress on the semiconductor substrate.

15. The method of claim 8, wherein the second and fourth
dielectric layers are both formed under conditions that result
in a tensile stress on the semiconductor substrate.

16. A method for forming stressed MOS transistors, com-
prising:

providing a semiconductor substrate;

forming a first dielectric layer on a surface of the semicon-

ductor substrate;

forming a gate electrode on said dielectric layer;

forming source and drain regions in said semiconductor

substrate adjacent said gate electrode;

forming a first silicon nitride layer over said gate electrode

and said source and drain regions;

forming a silicon oxide layer over said silicon nitride layer;

forming a second silicon nitride layer over said silicon

oxide layer; and

removing said entire second silicon mitride layer and said

silicon oxide layer,

wherein each of the first and second silicon nitride layers

exert a compressive stress on the semiconductor sub-
strate, or each of the first and second silicon nitride
layers exert a tensile stress on the semiconductor sub-
strate.

17. The method of claim 16 further comprising annealing
said first silicon nitride layer following the removing of said
second silicon nitride layer and said silicon oxide layer.

18. The method of claim 17 further comprising forming a
second dielectric layer over said first silicon nitride layer, and
forming contact structures to said source and drain regions
through said second dielectric layer.

19. The method of claim 17 wherein said first silicon
nitride layer 1s formed using a PECVD process.

20. The method of claim 19 wherein said first silicon
nitride layer 1s formed to a thickness between 100 A and 500
A.

21. The method of claim 20 wherein said annealing of said
first silicon nitride layer 1s performed at temperatures
between 300° C. and 800° C.

22. The method of claim 16, wherein the first and second
silicon nitride layers are both formed under conditions that
result 1n a tensile stress on the semiconductor substrate.

23. A method for forming stressed MOS transistors, com-
prising:

providing a semiconductor substrate;

forming a first dielectric layer on a surface of the semicon-

ductor substrate:

forming a gate electrode on said dielectric layer;

forming source and drain regions in said semiconductor

substrate adjacent said gate electrode;

forming a first silicon nitride layer over said gate electrode

and said source and drain regions;

forming a silicon oxide layer over said silicon nitride layer;

forming a second silicon nitride layer over said silicon

oxide layer; and

completely removing said second silicon nitride layer and

said silicon oxide layer,

wherein each of the first and second silicon nitride layers

exert a compressive stress on the semiconductor sub-
strate.
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